Abstract-This paper presents a theoretical analysis and an optimization method for envelope amplifier. Highly efficient envelope amplifiers based on a switching converter in parallel or series with a linear regulator have been analyzed and optimized. The results of the optimization process have been shown and these two architectures are compared regarding their complexity and efficiency. The optimization method that is proposed is based on the previous knowledge about the transmitted signal type (OFDM, WCDMA…) and it can be applied to any signal type as long as the envelope probability distribution is known. Finally, it is shown that the analyzed architectures have an inherent efficiency limit.
INTRODUCTION
In modern wireless communication systems signals that provide high spectral efficiency (high transmission data rate) like OFDM are employed. These signals are generated by instantaneous modulation of the carrier's envelope and phase and therefore the linearity of the final stage power amplifier is of crucial importance. Another important issue for these amplifiers is their energy efficiency. Traditional linear power amplifiers (PAs), class A and class AB, have to be implemented applying "back-off" technique in order to obtain the desired linearity. However, due to high peak to average power ratio (PAPR) these solutions suffer from poor efficiency and in the case of hand held devices short battery life.
Techniques based on envelope tracking (ET) and envelope elimination and restoration (EER) have demonstrated their potential for next generation communication systems [1] [2] [3] . Both techniques have in common that it is necessary to modulate the supply voltage of the amplifier and it is done using an envelope amplifier (modulator) like in Figure 1 . In the state of the art there is a wide variety of solutions for the envelope amplifier depending on the power it has to process and the required bandwidt. In [4] [5] solutions based on simple buck converter are proposed, while in [1] [2] [3] [6] [7] [8] solution based on switching converter in parallel and series with a linear regulator are presented.
The main difference between these two architectures is how the energy is processed by the linear regulator. In the parallel linear assisted switching converter, the linear regulator supplies just a part of the output energy and the high efficiency of the envelope amplifier is provided by the buck converter that is used in parallel. In the second architecture, the linear regulator has to process all the output power. In order to obtain high efficiency the switching converter has to supply the linear regulator with variable voltage and minimize the input-output voltage drop of the linear regulator.
In this paper we present an optimization method for the envelope amplifiers based on a switching converter in series/parallel with a linear regulator. The optimization method uses the information of the transmitted signal, and the envelope amplifier is designed in order to obtain the highest efficiency. Figure 2 shows the envelope amplifier based on a linear regulator and a synchronous buck converter in parallel. The buck converter operates as a DC current source, while the linear regulator operates as a voltage regulator. The buck converter is controlled using a using simple hysteresis control, but the analysis can be easily expanded for other control types as well. The conventional approach is to set the DC current of the buck converter to be equal to the mean average DC current of the load [1, 2] (i.e the RF PA in this case). However in [9] it has been shown that this approach does not have to be the optimum one from the point of view of efficiency.
II. OPTIMIZATION OF THE PARALLEL LINEAR ASSISTED SWITCHING CONVERTER AS ENVELOPE AMPLIFIER
In this paper, an optimization process is performed in order to see the influence of each design parameter and to design an optimal envelope amplifier from the point of view of efficiency.
The optimization method is based on the following steps:
x Determine a precise model of the power losses in the switching converter
x For a specific RF signal, analyze the efficiency and volume inside the certain design space or design constraints. The analysis is performed by varying three independent variables of the system (average current of the inductor, width of the hysteresis band and the value of the inductor).
A. Power losses in the switching converter
The power loss in the switching converter can be divided in two parts: conduction losses and switching losses.
The conduction losses are present due to the resistance of the MOSFET and the total resistance (AC and DC) of the inductor. In the case of the buck converter, the power losses due to this mechanism can be expressed as:
where R ON is the resistance of the conducting MOSFET, R L is the resistance of the inductor and I RMS the effective value of the converter's output current and R S is the resistance of the shunt resistance that is used to sense the current. In this paper the current is sensed by a shunt resistance that is in series with the buck inductor, while the voltage drop is measured by a wide bandwidth differential voltage amplifier. It is assumed that the MOSFETs are identical.
In order to calculate the power losses due to the switching process, we used a simple model of the MOSFET. It is assumed that the MOSFET behaves as an ideal switch, with linear capacitors between its terminals and that the driver that controls it is sufficiently fast so that the switching power losses are proportional to the charge, like in [10] . Whenever one switching cycle occurs, there are losses due to the parasitic gate capacitor and in one switching cycle the energy of these losses for one MOSFET is:
where Q gate is the total charge that has to be used to turn on the MOSFET and V gate the supply voltage of the driver.
MOSFET Q 1 always exhibits power losses due to the charging and discharging of the parasitic capacitance between its source and drain. These losses are calculated as:
where C oss is the equivalent value of the parasitic capacitor and V in the input voltage of the converter. In the case of Q 2 the power losses are different, because they depend on the value of the dead time that is applied and the inductor's current in the moment when Q 1 is turned off. Three different cases can be distinguished:
x The parasitic capacitance C oss is not completely discharged during the dead time, the losses are:
where V oss is equal to the voltage across Q 2 in the moment when it is turned on.
x The parasitic capacitance C oss is completely discharged and zero voltage turn on of the Q 2 is achieved
The parasitic capacitance C oss is completely discharged and the body diode starts to conduct
where t D is the duration of the dead time. Additionally, whenever Q 2 is turned off, its C oss is charged through Q 1 and the additional losses are:
Therefore, the total power losses are: If we analyze (8) it can be seen clearly that all the power losses are strongly related to the value of the switching frequency and the value of the inductor current.
In the case of the hysteresis control the switching frequency is not constant and it depends on the envelope amplifier's output voltage and the selected hysteresis band. If the envelope signal were a constant signal, the power losses would be easily calculated. However, having in mind that the envelope of the transmitted signal is changed dynamically, the switching frequency is going to change dynamically as well. In another words, it can be written:
Therefore, the aforementioned equations have to be modified using the information about the reproduced envelope. The information that is necessary is the voltage range of the envelope and its probability density function.
Equations (1)- (7) depend only on the parameters of the converter design such as type of MOSFET, input voltage, width of hysteresis, dc value of the inductor's current etc. However, in order to calculate (8) it is necessary to calculate the average switching frequency of the buck converter. It is done as:
The last equation stands as long as the dynamics of the output signal is significantly higher than the average switching frequency of the inductor. In other words, it is assumed that during one switching cycle of the buck converter the output voltage sweeps all the possible values according to the probability of the envelope. Combining (10) with (8) , it is possible to estimate power losses in the buck converter
B. Power losses in the linear regulator
The linear regulator behaves as a voltage source and its main purpose is to provide the necessary dynamics of the envelope amplifier. Whenever the current of the buck converter is higher than the current demanded by the load, it has to sink the excess of the buck's current. In the case when the load demands high current, it has to source the current. In an ideal case, the linear regulator can be supplied only with positive voltage source. However, it is not the case in the real implementation and, therefore, every sinking and sourcing of the current produces additional power loss. The power loss can be calculated as follows:
It is important to notice that the size of the inductor's current ripple influences in the power losses of the linear regulator.
C. Overall efficiency of the envelope amplifier
The output power is calculated in the similar manner (it is assumed that the load is purely resistive) and it is:
Combining (10) - (12) the efficiency of the envelope amplifier can be calculated as:
D. Optimization and experimental verification of the model
The optimization process has been performed for an envelope amplifier with the following specifications:
x Positive input voltage of the buck converter/linear regulator is 20 V
x Load is a 6 resistor
x The output is the envelope of a 64QAM signal with 2 MHz bandwidth and ration of its peak and average power of 8.8 dB Figure 4 shows the density of probability for the generated envelope.
During the optimization the value of the inductance, the hysteresis band and the buck's average current are varied. Figure 4 shows the estimated efficiency of the envelope amplifier for the fixed value of the inductance (32 μH in this case) and the aforementioned envelope reference. In Figure 4 it can be seen that there is a point of maximum efficiency for the given value of the inductor. It is important to notice that the efficiency of the envelope amplifier depends on the value of the hysteresis band as well, although not as heavy as from the inductor's dc current. When the hysteresis band is small, the switching frequency is high, and the switching losses in the buck converter are high as well, which leads to overall efficiency degrading. On the other hand, if the band is too wide the switching losses are not the problem, but the conduction losses (due to high RMS current) in the buck converter and the power losses in the linear regulator as well. That is the reason for the decreased efficiency for the high current ripple.
One of the important results is that the optimum dc current for the buck converter is not necessarily the average current of the load. Figure 5 shows the efficiency of the envelope amplifier for different values of the negative voltage that is used to supply the linear regulator. In this figure it can be seen the heavy influence of this supply voltage on the overall efficiency and the optimal dc current. The necessary negative voltage supply is determined by the transistors that are employed in the linear regulator. Though the difference in efficiency when the buck converter is biased with the optimal and the load's average current is not significant in this case, it may vary sufficiently depending on the statistics of the transmitted signal, as it has been shown in [9] .
If the value of the hysteresis band is maintained constant, by increasing the value of the inductor the switching frequency of the buck converter is decreased and, consequently, the switching losses as well. This leads to higher overall efficiency. Figure 6 presents how the overall efficiency is changed when the value of the inductor is increased. Theoretically, if the value of the inductor were sufficiently high, the switching frequency would be close to zero, and the buck converter would only have conduction losses. However, even in that case, when the efficiency of the buck converter is almost 100%, the overall efficiency would not overcome certain limit. In the case of the analyzed system, this efficiency limit is 74%. In this way it has been shown that the analyzed envelope amplifier has an inherent efficiency limit. Higher efficiency cannot be obtained, even if it were possible to use an ideal switching converter without losses. The reason for this is that there is always a part of energy processed by the linear regulator and its influence on the overall efficiency is obviously huge. Figure 5 shows the information regarding the volume of the magnetic that is necessary in order to obtain certain efficiency of the envelope amplifier. It is assumed that the volume of the inductor is proportional to its maximal stored energy. For the space-restricted applications, the information regarding the relation between possible efficiency of the system and the volume that is needed may be of crucial importance.
In order to prove the proposed theoretical optimization an envelope amplifier has been built with the earlier stated specification. The buck converter was implemented with BSZ097N04LS MOSFETs while the linear regulator was implemented as a class B PA, Figure 7 . As it has been aforementioned, the linear regulator has to be supplied with a negative voltage as well. In this implementation, this voltage was selected as low as possible in order to guarantee the correct performance of the linear regulator and to minimize its power losses at the same time. Figure 6 . Dependence of the envelope amplifier's efficiency and ocupied volume on the value of the switching converter's inductor Figure 7 . Simplified schematic of the linear regulator that is used in the parallel assisted switching converter Figure 8 shows the output voltage of the implemented envelope amplifier and the current through the buck's inductor (for this experiment the buck inductor is 19 μH). It can be seen that the hypothesis regarding high dynamics of the output voltage in comparison to the low dynamics of the inductor's current is justified. Figure 9 shows comparison between the measured and calculated efficiency in the case when a 32uH inductor is used. The width of the hysteresis band was constant and maintained at 0.4A. It can be seen that the measured points correspond to the predicted efficiency. Figure 10 shows the breakdown of the power consumed by the linear regulator and the buck converter. Once again, it can be seen that the measured power consumption matches with the calculated. This good matching is reflected, among other things, in the average switching frequency of the converter. The difference between the estimated and the measured average frequencies is not higher than 10%.
III. OPTIMIZATION OF THE SERIAL LINEAR ASSISTED SWITCHING CONVERTER AS ENVELOPE AMPLIFIER
Another possibility for the envelope amplifier is to use a multilevel converter in series with a linear regulator [3, 7] as it is shown in Figure 11 . In this case, the linear regulator conducts the whole load current and the multilevel converter supplies the linear regulator with appropriate voltage levels in order to decrease the power losses in the linear regulator. Figure 12 shows the time waveforms for the envelope amplifier implemented with this architecture.
A. Power losses in the multilevel converter
Although the multilevel converter can be implemented using different architectures, in this paper only the architecture based on voltage cells is analyzed. In order to estimate the switching losses it is necessary to know the average switching frequency of each voltage cell which is the main problem in the analysis of this architecture. Due to the nondeterministic signal that is transmitted it is necessary not only to know the distribution of the envelope, but also the distribution of the envelope's slope (dV envelope /dt) as well. By analyzing the same 64QAM envelope from the previous section, it was possible to obtain this distribution. This distribution is a 2D distribution because it depends on the value of the envelope and its slew rate. Figure 13 shows the distribution of the envelope slope when the envelope is 10 V. It can be seen that the distribution is symmetrical, which means that there is equal probability that the envelope will rise over and fall under 10 V.
The average switching frequency for voltage level V level is calculated in the following way. Let's assume that the samples of the envelope reference are generated with period T sample , and that the maximal slew rate of the envelope is S max , then the probability that a transition will occur at voltage level V level is:
Where N(v,s) is a 2D distribution of the envelope and its slew rate. The average switching frequency at one voltage level is: Figure 14 presents the estimated and the real switching frequency for each voltage level. It can be observed that the estimation is very similar to the real switching frequency. Using this information with the information regarding the number of levels it is possible to estimate the efficiency of the multilevel converter and select the best distribution of the voltage levels in order to minimize the power losses.
The MOSFETs that are used in the voltage cells are not necessarily the same, because they do not have to withstand the same blocking voltage (equal to the cell voltage). Therefore, it is assumed that the employed MOSFETs use the same technology like the MOSFETs from the previous section, i.e. R on *C oss is assumed constant. If this is assumed, then the MOSFETs employed in each cell can be optimized in order to obtain the minimal overall power losses per voltage cell. The power loss model is the same like in the previous section. 
is a function of the envelope that is being reproduced and using equation similar to (1)- (8) it is possible to optimize the number of voltage levels and their voltage distribution [7] .
C. Optimization
The envelope amplifier in this section was optimized with the same 64QAM signal, as in the previous section. The results are presented in Figure 15 . It is important to notice that because of the high PAPR of the envelope the equidistant voltage distribution is not the best one. Using optimized voltage levels, the power losses can be decreased up to 26% (in the case of three voltage levels). Depending on Figure 15 . Efficiency of the envelope amplifier when it is implemented with optimized and equidistant votlage levels the envelope distribution of the transmitted signal this difference can be lower or higher. For example in [7] the difference between the equidistant and the optimized voltage distribution was as high as 6%. If the number of levels is even more increased, the efficiency curve will start to fall
IV. COMPARISON
The envelope amplifier based on the multilevel converter can have a higher efficiency than a buck converter in parallel with a linear regulator for, approximately 10%. However, the envelope amplifier based on parallel linear-assisted buck converter has significantly lower complexity and higher robustness (lower number of components). For example, for the same efficiency of the envelope amplifier of 70-75%, the buck converter needs two transistors and one driver, but the multilevel needs six MOSFETs and three drivers. The maximum efficiency of the parallel architecture is limited because, as it is explained, there is always maximum efficiency that can be obtained even with ideal switching converter with no losses. The reason for that is the low dynamics of the buck converter, and the power losses come from processing the high dynamic part of the envelope. On the other hand, the efficiency of the envelope amplifier based on the multilevel converter depends on how close the voltage levels are to the output voltage and how big is the minimum voltage drop on the linear regulator's transistor. Unfortunately, in this case there is a trade-off between the desired efficiency and complexity (number of levels).
For both presented architectures, it is implicitly accepted that the voltage supply sources are available. However, normally, there is only one voltage source for the complete system that has to be used to generate all the needed voltages. The architecture that employs a buck converter in parallel with a linear regulator needs two voltage sources (one positive and the other negative), while the architecture based on N voltage cells needs N voltage supplies (isolated one from each other). Having in mind that the main voltage source can be a battery (in the case of mobile devices) or the electrical network (in the case of base stations) the solutions that have to produce the needed voltage sources can differ a lot and due to that reason the efficiency of this stage is not taken into account in this analysis. Nevertheless, for the well-specified application complete energy path from the principal voltage source to the RF PA should be taken into account when the optimization is performed.
V. CONCLUSIONS
In this paper a theoretical anal analysis and optimization methodology for the envelope amplifiers based on a switching converter and a linear regulator in parallel or series is presented. The optimization process is conducted in order to obtain the highest possible efficiency in the system having in mind the properties of the transmitted RF signal. For the parallel architecture it is shown that there exists an efficiency limit due to the fact that the linear regulator always has to process certain part of energy with low efficiency (due to low dynamics of the buck converter), while in the case of serial architecture the efficiency is due to the power losses in the multilevel converter. The analysis has shown that the envelope amplifier based on a multilevel converter and a linear regulator in series has higher efficiency of, approximately 10%, but the price for its higher efficiency is higher complexity.
